The electronic and magnetic properties of IIIA group doped ZnO nanosheets (ZnONSs) are investigated by the first principles. The results show that the band gap of ZnO nanosheets increases gradually along with Al, Ga, and In ions occupying Zn sites and O sites. The configuration of Al atoms replacing Zn atoms is more stable than other doped. The system shows half-metallic characteristics for In-doped ZnO nanosheets.
Introduction
As one of the wide-band-gap oxides, ZnO has received considerable interest for its wide variety of practical applications, such as liquid crystal display transistors, gas sensors, and ferroelectric transparent thin-film transistors [1] [2] [3] [4] [5] [6] . More interest in IIIA-doped ZnO arose because of the hope of improving both electron conductivity and room-temperature ferromagnetism [7] [8] [9] . The room temperature ferromagnetism was reported by Dietl et al. (2000) in Mn-doped ZnO. After that, many researchers have doped ZnO with 3d transition metal and reported high room temperature ferromagnetism. There have been also a lot of theoretical and computational studies in IIIA-doped ZnO [10, 11] .
In general, the electron conductivity of pure ZnO is not low enough to be used as a transparent conductive oxide (TCO). It is necessary that the behavior of the ZnO must be changed effectively by substitutional doping into ZnO. Zuo et al. [12] study the effect of C-Al (Ga) codoping on p-type tendency in zinc oxide. They indicated that the volume of Cdoped ZnO and C-Ga codoped ZnO swells up a little and that of ZnO by C-Al codoping decreases slightly. Liu et al. [13] found out that the band gap of ZnO is reduced by In doping. Stimulated by the discovery of carbon nanotubes, various functional ZnO nanostructures have recently been synthesized [14] [15] [16] [17] [18] [19] . These nanostructures are expected to find applications in optoelectronics, sensors, transducers, and biomedical science. Particularly, two-dimensional (2D) systems show peculiar properties which are different from their counterpart bulk phases.
In the present work, we explored the electronic properties of ZnO doped with IIIA ions (Al, Ga, and In) based on firstprinciples calculations to the ZnO nanosheets (ZnONSs). These studies provide us with a deep understanding of the novel properties of intrinsic defect ZnO nanosheets, which is essential to employ ZnO nanosheet as building blocks for the future nanodevices.
Computational Details
We use first-principles full-potential linearized augmented plane wave (FLAPW) method based on the generalized gradient approximation (GGA) [20] for the exchange-correlation potential within the framework of density-functional theory [21] to perform the computations. It was implemented in the WIEN2K simulation package, in order to investigate the electronic and magnetic properties of 2D ZnO. Atomic sphere radii of Zn, O are set to 1.9, 1.7 a.u., respectively. The valence electrons for the Zn, O are 12 (Zn: 3d 10 4s 2 ), 6 (O: 2s 2 2p 4 ). The parameter min max , which controls the size of the basis set in our calculations, is chosen as 6.0. min is the minimum sphere radius and max is the maximal value of the reciprocal lattice vector used in the plane wave expansion. The Brillouin zone (BZ) is represented by the set of 6 × 6 × 1 k-points for the geometry optimizations and for the static total energy calculations. The structural relaxation is done until the forces on each atom are smaller than 10 −2 eV/Å. [23] .
Results and Discussion
First we consider a 3D wurtzite bulk ZnO structure in which all atoms are fourfold coordinated through hexagonal directed sp 3 orbital. After optimization, the hexagonal lattice constants under equilibrium are = = 3.246Å, = 5.200Å, which is used for constructing the nanostructure. Figure 1 shows the band structure of 3D ZnO crystal. It can be seen that bulk ZnO is a direct band gap semiconductor. The calculated band gap at the Γ point is 0.84 eV, which is smaller than the experimental value. This underestimation is due to the GGA approximation, which does not consider the noncontinuity of the exchange correlation, which does not affect our theoretical analysis, because it does not impact the variation trend of other electronic and optical properties. We focus on the relative value of band gap mainly.
Next we studied 2D nanosheets derived from wurtzite ZnO. The nanosheets are based on the model of (2 × 2) supercell cut from initial bulk ZnO (0001) plane, which contains 9 Zn and 9 O atoms, as shown in Figure 2 . After full optimization, the pristine ZnONSs transform from the initial configuration (Figure 2 (a)) to a flat graphitic structure ( Figure 2(b) ). For the structural optimization, the energetic convergence threshold is 10 −4 Ry. Atomic relaxation is carried out until all components of the residual forces are less than 1 mRy/a.u. A pronounced geometry change appears in this case: the length of Zn-O bond has changed from 1.973 to 1.876Å. Moreover, the bond angle within the newly formed planar layer increases from the wurtzite tetrahedral, 109 ∘ on average, to plane trigonal, 120 ∘ . We also find that the calculated band structure of the ZnONSs exhibits a direct band gap at the Γ point with an energy gap of 1.40 eV, which is bigger than that in the bulk structure. The spin-polarized calculations show that the ZnONSs have no magnetism; this can also be seen from the total density of states (DOS) shown in Figure 2 and is consistent with previous experimental results [23, 24] .
For the structures that are doped, we considered two configurations: one IIIA ion replacing one Zn atom (M-Zn) and O atom (M-O). Goldschmidt-Pauling rule [26] of bond contraction induced by undercoordination, this results in the increase of band gap of M-Zn and M-O. The formation energies of M-doped ZnONSs were calculated to evaluate their stability. To make comparison, we also calculated the formation energies of bulk ZnO. The formation energy [27] in our work can be expressed as
where ( Table 1 shows the formation energies of M-doped (M = Al, Ga, In) ZnONSs. The formation energies of M-Zn are all smaller than M-O; it indicated that the IIIA ions would be more favorable in the Zn sites than in the O sites for M-doped ZnONSs. In the following parts, we only consider the properties of the M-Zn configurations. For the configurations with IIIA ions replacing Zn atoms, the formation energy increases with the increase of the IIIA proton number. This indicates that the configuration of Al-ZnONSs is more stable. 
Band Structure and Electronic and Magnetic Properties of IIIA Ions Doped ZnONSs.
In Figure 4 we show the band structure and total DOS of Al, Ga, and In doped in ZnONSs. In all cases, spin polarization is evident in the band structure and DOS. Because there is an excess of electrons at the bottom of the conduction bands, ZnO doped with IIIA elements introduces the n-type carriers into the system; the Fermi level moves into the conductive bands (CBs), which is in good agreement with the experimental results [23] . Figure 4 (a) shows the band structure and total DOS of Al doped in the ZnONSs. It is important to note that the Fermi level ( ) is largely crossed by spin-down states, while spin-up states only cut from the right figure, which indicates that the system belongs to half-metallic ferromagnet. In the spindown states, the impurity bands introduced by Al-doped occupy the energy level at the bottom of the conduction band (CBM) minimum, which shows that Al-doped ZnONSs can lead ZnO to an n-type semiconductor. Interestingly, when Ga is doped in the ZnONSs both the spin-up and spindown states become metallic, as can be seen in Figure 4(b) , indicating that the Ga doped in the ZnONSs are all metals with strong spin polarization. The metallicity of ZnONSs is characterized by several energy levels crossing over from conduction band to valence band across the Fermi level in the band structure, as well as the peak at the Fermi level in the DOS. After In is doped in the ZnONSs (Figure 4(c) ), like Al-doped ZnONSs, the system belongs to half-metallic ferromagnet too. Energy (eV) conduct band compared to band structure of undoped ZnONSs. In order to further explain the origin of the half-metallic ferromagnet, we also give the partial DOS for the In-doped ZnONSs ( Figure 5(a) ). It is notable that both the O-2p and In 5s states are located in the Fermi energy level. It indicates that there exits strong hybridization between the In-5s and O-2p states and the In-O bond is quite covalent instead of being purely ionic. The local density of state from −2.5 to −0.5 eV is derived largely from the O-2p, Zn-3d states. It shows a strong d character and comes mostly from the Zn-3d states. The broad conduction bands between 0 and 2.5 eV are mainly composed of O-2p which overlap significantly with those of In-5s states near , suggesting a strong interaction between them.
To analyze spin polarization induced by In doped, we calculated spin density distribution around the In atom of ZnONSs; electrons of In and O atoms are both spin-polarized, and In-5s and O-2p electrons couple at the Fermi level. As presented in Figure 5 (b), defect states wave functions are strongly localized In impurity, with a magnetic moment of 0.97 B . The magnetic moments on Zn and other O atoms away from the ZnONSs are smaller than 0.03 B . The relevant part of the induced magnetic moment is located on the host oxygen atoms surrounding the impurity, quantitatively, about 90% of which is concentrated on the three oxygen ions that are the nearest neighbors to the In ion. There is a charge transfer from In to O atoms, and because of the electron transfer, the long pairs on In are partially unpaired and there are a number of In-5s holes with minority spin states in the In valance band [28] . Furthermore, the spin density of In is symmetrically distributed along In-Zn bond, which is the distinct characteristic of In-p orbital. Therefore, the impurity bands above the valance band maximum suggest that the hole doping mediates the magnetic coupling in In-doped ZnONSs.
Conclusions
In summary, we have studied the electronic structures and magnetic properties of IIIA group-doped ZnO nanosheets. Our results clearly demonstrate that the system's band gap increases along with the increase of the IIIA atom number due to the Goldschmidt-Pauling rule of bond contraction induced by undercoordination. The formation energies of M-Zn are all smaller than M-O and increases go along with the increase of the IIIA proton number for M-Zn. After Al-doped in the ZnO nanosheet, we find that the system shows half-metallic character and leads ZnO nanosheet to an n-type semiconductor. Ga-doped ZnO nanosheets shows metallic character with strong spin polarization. The half-metallicity is also found when In-doped in the ZnO nanosheets. The hole states resulting from In doped are spin-polarized and therefore lead to a high-spin state with a magnetic moment of about 0.97 B . The spin density of In is symmetrically distributed along InZn bond, which is the distinct characteristic of In-p orbital and the impurity bands above the valance band maximum suggest that the hole doping mediates the magnetic coupling in In-doped ZnONSs.
